The interaction of small molecules with larger non-covalent assemblies is important across a wide range of disciplines. Here, we apply two complementary NMR spectroscopic methods to investigate the interaction of various fluorophenol isomers with sunset yellow. This latter molecule is known to form non-covalent aggregates in isotropic solution, and form liquid crystals at high concentrations. We utilise the unique fluorine-19 nucleus of the fluorophenol as a reporter of the interactions via changes in both the observed chemical shift and diffusion coefficients. The data are interpreted in terms of the indefinite self-association model and simple modifications for the incorporation of a second species into an assembly. A change in association mode is tentatively assigned whereby the fluorophenol binds end-on with the sunset yellow aggregates at low concentration and inserts into the stacks at higher concentrations.
Introduction
The non-covalent self-association of molecules in solution is an important phenomenon across a range of areas in the chemical and biochemical sciences, from liquid crystal science and nanoscale engineering, to the formation of pathogenic protein assemblies. 1, 2 Investigating and understanding the driving forces responsible for these assembly processes is therefore extremely important as this may provide information which enables the aggregation to be controlled 3, 4 or prevented. [5] [6] [7] The interactions of small molecules with aggregates and assemblies is also an area of considerable interest, with applications ranging from hydrogen storage in metal organic frameworks 8 to the various assays used for monitoring the growth of amyloid fibrils. 9 In this latter case, the formation and assembly of protein fibrils is typically monitored using the dye thioflavin T in a fluorescence-based assay. 2 Binding of the dye to mature fibrils results in an increase in the fluorescence quantum yield and hence an increase in the recorded signal. While this assay is widely used within the fibril research community, the nature of the interaction between the dye and fibril is still the subject of much debate. 9, 10 Small molecule-aggregate interactions has also found use in the resolution of pairs of enantiomers in NMR spectroscopy. [11] [12] [13] Chiral liquid crystal phases, in which the liquid crystal director aligns in the strong static magnetic field, 13 are added to a sample, resulting in different strength interactions for each enantiomer, enabling their resolution in the NMR spectrum. While this application is not (yet) considered routine in NMR spectroscopy, it does demonstrate the potential utility of exploiting small molecule-aggregate interactions, and a need to understand the origin and mechanisms of these interactions.
NMR spectroscopy is (almost) uniquely placed as an analytical tool, being able to offer an atomic level of detail on molecular interactions via the modulation of easily measurable parameters such as chemical shift, 14 as well as being able to access bulk physical parameters characterising the sample such as diffusion coefficients and microscopic sample mobility. 15, 16 The aggregation behaviour of sunset yellow FCF (SSY, sodium (E)-6-hydroxy-5-((4-sulfonatophenyl) diazenyl) naphthalene-2-sulfonate) in both isotropic solution and its liquid crystal phases has been well studied using a variety of techniques, including xray, [17] [18] [19] optical scattering 18 and NMR spectroscopy. [20] [21] [22] The association is widely thought to be head-to-tail stacking of the monomer units with a slight twist, typical of H-type aggregation. 23 It therefore presents an ideal system for investigating the interaction of non-covalent assemblies and small reporter molecules as a function of the concentration of the aggregating species, and hence aggregate size. The small molecule probes used were chosen to share some structural characteristics with sunset yellow and possess a unique magnetically-active reporter nucleus not present in the sunset yellow. The three structural isomers of fluorophenol (nFP) therefore presented as ideal candidates. The phenol moiety of nFP closely mimics the sulfated phenyl group of SSY and the unique magnetic reporter is provided by the 19 F, which is 100% abundant, spin-1/2, with excellent receptivity, being 0.941 of that for 1 H. 24 The structures of sunset yellow and the flurophenols, with the atom numbering used, are shown in Figure 1 . Based on previous studies of SSY aggregation using optical 18 and NMR spectroscopies, 22 addition of the nFP probe at a concentration of 1 mol% should result in typically no more than around one to two probe molecules per aggregate in the solution, hence both probe-probe interactions and any potential disruption of the sunset yellow aggregates should be expected to be minimal.
In this paper we describe an NMR-based investigation of the interaction between assemblies of the well studied azo-dye sunset yellow FCF, 17, 18, [20] [21] [22] in its isotropic phase, and a small "probe" molecule fluorophenol, present at low relative concentration. Changes in the observed diffusion coefficients and chemical shifts were monitored as a function of sample composition for both the probe molecules and sunset yellow aggregates. The results are interpreted in terms of the non-disruptive interaction between the probe and the sunset yellow assemblies, assuming that there is fast exchange both within the sunset yellow aggregates and with the fluorophenol interaction. The chemical shift changes are modelled using a simple indefinite association model, 14 modified for the incorporation of a second molecule into the assemblies.
Materials and Methods

Sample Preparation
All chemicals were purchased from Sigma Aldrich (Dorset, UK), with the exception of deuterium oxide which was obtained from either Goss Scientific (Cheshire, UK) or Sigma Aldrich. Sunset Yellow FCF was purified by two rounds of ethanol precipitation prior to use. 17, 18 All other chemicals were used as obtained. A stock solution of 961 mM sunset yellow was prepared with the concentration determined by UV/vis spectrophotometry using a molar extinction coefficient of 8270 M -1 cm -1 at 523 nm, determined using samples of various concentrations at multiple pathlengths.
This stock solution was then split into aliquots, into some of which were added various isomeric monofluorophenol probes at a concentration of 1 mol%. These solutions were then diluted appropriately to obtain a series of samples with the desired final concentrations of sunset yellow both with, and without, the small molecule probes being present. At all concentrations the samples were confirmed to be in the isotropic phase by the observation of a singlet in the deuterium ( 2 H) NMR spectrum.
The presence of any mesophase would have resulted in a quadrupole splitting of the D 2 O solvent resonance due to the anisotropic nature of the sample. 20 
NMR Spectroscopy
All NMR data were acquired using a Varian VNMRS 600 spectrometer (Yarnton, 
where γ is the magnetogyric ratio of the diffusing nucleus, g and δ describe the strength and duration of the applied magnetic field gradient, and Δ' is the diffusion labelling period suitably modified for the Oneshot sequence.
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Chemical Shift Variation Modelling
The concentration dependent 1 H chemical shifts of sunset yellow were modelled using the isodesmic model 14 which, for clarity, will be described here briefly. In the fast exchange limit, the observed chemical shift can be written as the weighted average of the chemical shifts for the free monomer δ mon , the molecules at the ends δ end and those in the interior of the aggregates δ int :
where α, λ and ξ are the mole fractions of the free monomer and molecules at the ends and in the interior of the stacks respectively. These mole fractions by necessity sum to unity. This approach considers only nearest-neighbour contributions to the change in chemical shift. The inclusion of next-nearest-neighbour interactions has be shown to offer no significant improvement in modelling or understanding indefinite association.
14 It can be shown that the monomer mole fraction in solution at a given concentration, is:
where c T is the total concentration of the solution and assuming that the equilibrium constants K eq are equal for each subsequent addition of a monomer to the growing aggregate. Similarly, the mole fractions λ and ξ can be derived:
free monomer and a molecule in the interior, i.e. δ end = (δ mon + δ int ) / 2, leads to the following model for the observed chemical shift after algebraic manipulation:
This model can then be fitted to the concentration dependent changes in the observed chemical shift using standard least-squares methods, 27 with all proton environments fitted simultaneously.
The incorporation of a second molecule B, present at low concentration, into stacks of another A, is also treated by Martin. 14 In this case, two equilibria are considered: the association of a molecule of B with the end of the stack of A, denoted A e ; and the insertion of B into a growing stack of A, which can be considered to be equivalent to joining two ends together. These equilibria are given below:
where a, b and c are the mole fractions of the probe molecule B in free solution, at the ends and within the stacks respectively. The concentration of the ends of the stacks of A can be shown to be:
where K eq is the equilibrium constant for the aggregation of A and α is the mole fraction of A monomers in the solution (eq 3). The mole fractions a, b and c are given by:
As for the case of the indefinite association of a single species, the observed chemical shift for the probe molecule B, in the presence of assemblies of A, is given by a similar expression to eq 2:
The underlying assumptions behind this approach are that the exchange of B is in the fast exchange limit, and that the presence of the second molecule does not perturb the stacks of A. Weller has presented a more sophisticated model for when the assumption of an excess of A no longer holds, 28 however, this approach is not needed in the analysis performed here. Data analysis was performed using the open source SciPy modules of the python programming language, 29 
Results and Discussion
NMR investigations of aggregating systems typically utilises concentration dependent changes in chemical shifts to reveal the underlying equilibria. 30, 31 Bulk parameters, such as diffusion coefficients, have also been demonstrated to be useful. 22, 32, 33 In this study, a combination of both diffusion measurements and changes in the chemical shift of the 19 F moiety on the probe molecule are used to probe the interaction between of fluorophenol isomers with sunset yellow assemblies.
Diffusion Behaviour
The results of NMR diffusion measurements performed on a series of sunset yellow samples, with varying concentration, containing 1 mol% 3-fluorophenol as the small molecule probe, are shown in Figure 2 . As reported previously, the diffusion coefficients observed for sunset yellow decrease with increasing concentration due to the formation of large assemblies in solution. 22 This trend is observed both in the presence and absence of the 3-fluorophenol, with the data obtained from the two series of samples overlaying extremely well (shown as the filled triangle and circles in Figure   2 . These data show that there is no significant detectable change in the diffusion coefficient over the concentration range studied, indicating that there is little selfassociation of the probe molecules at the concentrations of interest and hence this is not responsible for the variation in its diffusion coefficient when in the presence of sunset yellow.
In order to determine the influence of the larger microscopic viscosity at increasing sunset yellow concentrations, the diffusion coefficient of the residual HOD signal was also measured (see Figure S1 in Supplemental Information). This showed a linear decrease with increasing sunset yellow concentration, reflecting an effective increase in the solution microscopic viscosity. This variation in solvent diffusion coefficient was used to apply a "viscosity correction" to the diffusion coefficients for 3-fluorophenol on its own, as follows: The data presented in Figure 2 allows the degree of association between the probe molecules and the sunset yellow aggregates to be determined via rearrangement of eq 11:
The results of this analysis, performed for each of the three structural isomers of fluorophenol, is shown in Figure 3 . Two features are readily apparent from these data:
firstly, the three probe molecule isomers show similar qualitative and quantitative trends in their interaction with the sunset yellow aggregates as viewed by the diffusion NMR data, suggesting that the position of the fluorine moiety has little effect on the interaction between the fluorophenol and sunset yellow; and secondly, the interaction behaviour shows two distinct regions as a function of SSY concentration with the changeover occurring at approximately 70 mM. A similar observation has been made previously in a study of the aggregation properties of various chlorhexidine salts in aqueous solution. 34 This two-region behaviour of the associated probe-SSY mole fraction as a function of concentration was modelled as a biexponential function of SSY concentration using:
where c T is the concentration of sunset yellow. The parameters obtained from these fits are given in Table 1 and the relative percentage amplitudes of the two components in Table 2 . Interestingly there is an apparent correlation between the b 2 parameter describing the second exponential component and the pK a of the fluorophenol probes. 35 The b 2 parameter increases in magnitude as the fluorophenol decreases in acidity. The change over in dominant exponential component also appears to correlate with the fluorophenol probe pK a . There is no such correlation apparent for the b 1 parameter, with it being similar for both 2FP and 3FP, although, there is an increase of a factor of ~3 for the 4-fluorophenol isomer. The differences in these parameters may be related to the hydrogen bonding ability of the different isomers, 36, 37 which, in addition to the π-π stacking interaction, 38 is presumed to be important in the interaction between the fluorophenols and sunset yellow. Hydrogen bonding interactions have also been shown to play a role in the interaction between various fluorophenols and alkoxystilazole-based liquid crystal forming systems. Table 3 . The equilibrium constants are broadly similar, however, as with the diffusion data presented above, there is a correlation between the equilibrium constants returned and the pK a of the fluorophenol. 35 These values suggest that the presence of the fluorophenol leads to a slight increase in the stability of the sunset yellow assemblies, presumably involving hydrogen bonding in addition to the π-π interactions. More recently, 21 it has been suggested that the isodesmic model is not necessarily a good description of the assembly process in sunset yellow, implying the underlying assumption of a single equilibrium constant for each microscopic step is not valid, i.e. the addition of the next monomer unit to the aggregate is not independent of the number of monomers in the aggregate. Table 4 . These results suggest that at low concentrations, when the stacks of sunset yellow are generally short, i.e. less than around 100 monomer units, 22 There are a number of reports in the literature describing aromatic stacking interactions between molecules with similar structures such as pyrimidines and purines, 45, 46 purine and indoles, 47 and caffeine and adenosine. 28 Several of these studies employ more sophisticated versions of the isodesmic model, 28 incorporating 
AB-type interactions in addition to
